Abstract. Aluminum-maltolate (Al-Malt) is a potent apoptosis inductor, which has been widely reported as an etiologic factor in Alzheimer's disease (AD). MicroRNA-322 (miR-322) is a vital regulator in various biological processes. The aim of the current study was to identify the role and possible underlying mechanism of miR-322 in Al-Malt-induced apoptosis. Eight concentrations of Al-Malt were prepared and used for treating the human neuroblastoma cell line, SH-SY5Y. Subsequent to treatment with Al-Malt for 3 days, cell viability, apoptosis and the expression levels of apoptosis-associated factors were measured. In addition, the mRNA expression level of miR-322 was monitored. Furthermore, cells were transfected with an miR-322 mimic and/or treated with Al-Malt, and cell viability, apoptosis and the expression levels of apoptosis-associated factors were measured again. Al-Malt significantly inhibited cell viability, but promoted apoptosis. The apoptosis-associated factors, V-Myc avian myelocytomatosis viral oncogene homolog (c-Myc), Bcl-2-associated X protein, caspase-3 and cleaved caspase-3 were markedly upregulated by Al-Malt. The mRNA expression level of miR-322 was negatively regulated by Al-Malt. Furthermore, miR-322 attenuated the apoptosis induced by Al-Malt and recovered the expression changes of these four factors. Thus, miR-322 may attenuate Al-Malt-induced apoptosis by recovering the expression change of c-Myc. Furthermore, miR-322 may be involved in the pathogenesis of Al-Malt-associated AD.
Introduction
Alzheimer's disease (AD) is a chronic neurodegenerative disorder, that results in the death of nerve cells, deterioration of cognitive function and eventual mortality as a result of complications (1) . Furthermore, AD is the most common cause of dementia in older adults with loss of cognitive functions and memory (2) . The exact cause of AD is poorly understood, although increasing age, family history and genetics, head injuries and hypertension are recognized as primary risk factors (3, 4) . In the past several decades, attempts to uncover the underlying mechanism of AD pathogenesis and to further translate these findings into the clinic have been made (5) . However, there are no treatments that stop or reverse its progression, and the current therapeutic strategies only temporarily improve symptoms (2, 5) . Therefore, an improved understanding of AD may facilitate the diagnosis or treatment of this devastating disease.
Aluminum (Al) is the third most abundant element in the earth's crust (6) . It has been implicated as an etiologic factor in various neuronal diseases, particularly in AD (7) (8) (9) . Foci of Al have been detected in the neurofibrillary tangle of AD patients (10) and Al has been reported as neurotoxic in the central nervous system (11, 12) . Maltolate (Malt) is a common component of the human diet, contained in coffee, soybeans, baked cereals, and caramelized and browned foods (13) . Malt has been reported to be a strong enhancer of Al accumulation in the brain. Furthermore, numerous studies have demonstrated that, aluminum-maltolate (Al-Malt), the complex of Al and Malt, is a potent neurotoxin. Furthermore, in vitro and in vivo investigations have elucidated that apoptosis induced by Al-Malt was the major cause of neurotoxicity (12, 14) . Therefore, inhibition of Al-Malt-induced apoptosis may present a novel strategy to hinder the progression of AD.
MicroRNAs (miRNAs), a class of small non-coding transcripts, regulate gene expression in various physiological and pathological conditions (15) . Numerous studies have shown that miRNAs have been used to decode different signaling pathways associated with various types of disease (16) . For example, certain miRNAs, such as miR-9 and miR-125b, have been utilized as biomarkers for the diagnosis of early AD (17 be associated with the pathogenesis of AD, and to affect the expression levels and functions of AD-relevant molecules (18) . The role of miRNAs in neuronal apoptosis in AD has previously been investigated. Absalon et al (19) demonstrated that miR-26b activated apoptosis in post-mitotic neurons, and inhibition of miR-26b was a novel strategy for neuroprotection. Zhang et al (20) found that inhibition of miR-16 in the cellular AD model with primary hippocampal neurons increased apoptosis. However, whether various miRNAs, including miR-322, are involved in Al-Malt-induced apoptosis in neural cells, has not yet been well investigated. Therefore, the aim of the present study was to investigate the role of miR-322 in Al-Malt-induced apoptosis in neural cells. The human SH-SY5Y neuroblastoma cell line was used to induce apoptosis in vitro by treatment with eight concentrations of Al-Malt. Cell viability, apoptosis and its associated factors were determined to investigate the role of Al-Malt in neural cell apoptosis and its associated mechanism. Subsequently, cells were transfected with miR-322 mimics and/or treated with Al-Malt, and the changes in cell viability, apoptosis and the associated factors were measured again to reveal the role of miR-322 in Al-Malt-induced apoptosis. These findings may provide a basic understanding of the mechanism of Al-Malt-associated neurodegenerative pathogenesis.
Materials and methods
Cell culture. The human SH-SY5Y neuroblastoma cell line, a cell line that is commonly used for researching neurotoxicity and neurodegenerative diseases (14) , was purchased from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; GE Healthcare Life Sciences) and maintained in a humidified atmosphere at 37˚C with 5% CO 2 (21) .
Al-Malt preparation. Al-Malt was prepared as previously described in detail (22) . Al-Malt was dissolved in DMEM containing 10% FBS (12) to establish eight concentrations of Al-Malt (0, 0.01, 0.05, 0.1, 0.25, 0.5, 1 and 2 mM). Prior to Al-Malt treatment, the eight Al-Malt concentrations were adjusted to a pH of 7.4 and filtered through a 0.22-μm pore filter.
Cell viability. Cell viability was assessed using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, cells were seeded in 96-well plates at a density of 2x10 3 cells/well. After 12 h of incubation at 37˚C, cells were treated with the eight concentrations of Al-Malt (0-2 mM) for 3 days. Al-Malt with 0 mM served as a blank control. Subsequently, 0.5 mg/ml MTT solution (Sigma Aldrich; Merck KGaA, Darmstadt, Germany) was added to each well, and incubated for another 3 h at 37˚C. Finally, formazan was dissolved in dimethyl sulfoxide (DMSO) and the absorbance was recorded with a Multiskan EX (Thermo Fisher Scientific, Inc., Waltham, MA, USA) at a wavelength of 570 nm (23) .
Cell apoptosis. Cell apoptosis was evaluated using an Annexin V/fluorescein isothiocyanate (FITC) and propidium iodide (PI) apoptosis detection kit (BD Biosciences, Franklin Lakes, NJ, USA). Briefly, cells were pre-treated with 0.25, 0.5 and 1 mM concentrations of Al-Malt for 3 days at 37˚C, and cells were collected and suspended in Annexin-binding buffer. Cells were first stained with Annexin V-FITC for 30 min, and subsequently stained with PI for 10 min, in the dark at room temperature. The percentage of apoptotic cells was immediately assessed by flow cytometry (BD Biosciences).
Western blot analysis. Following 3 days of Al-Malt treatment, cellular protein was extracted using lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) and equal quantities of protein samples (100 µg) were separated on 10-12% sodium dodecyl sulfate-polyacrylamide gels and transferred to nitrocellulose membranes (Whatman GmbH, Dassel, Germany). After blocking with 5% skimmed milk for 1 h at room temperature, the membranes were incubated with the appropriate primary antibodies (all at a dilution of 1:1,000) overnight at 4˚C. Anti-Actin (no. 8457) and anti-Bcl-2-associated X protein (Bax) (no. 5023) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Anti-V-Myc avian myelocytomatosis viral oncogene homolog (c-Myc) (ab32072), anti-caspase-3 (ab13585) and anti-cleaved caspase-3 (ab32042) were obtained from Abcam (Cambridge, USA). Actin served as a loading control. Subsequently, the membranes were incubated with a horseradish peroxidase-conjugated secondary antibody (anti-mouse IgG, ab6728; anti-rabbit IgG, ab6721) (Abcam) diluted 1:2,000, for 2 h at room temperature. Protein bands were visualized using the WEST-ZOL-plus Western Blot Detection System (Intron Biotechnology, Inc., Seongnam, Korea). Optical density was calculated by ImageJ software version 1.49 (National Institutes of Health, Bethesda, MD, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated from cells using TRIzol reagent-phenol chloroform (Thermo Fisher Scientific, Inc.), and synthesis of cDNA was performed using a Transcriptor First Strand cDNA Synthesis kit (Roche Applied Science, Madison, WI, USA), according to the manufacturer's instructions. FastStart Universal SYBR-Green Master (ROX) (Roche Applied Science) was used for the analysis, and 20-µl reaction mixtures were performed on an ABI PRISM 7500 Real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The results were analyzed using the 2 -ΔΔCq method (24), and were normalized to U6 snRNA. The miRNA primers were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China).
Cell transfection. Cells were seeded in 6-well plates at a density of 5x10 4 /well. After reaching ~60% confluence, cells were transfected with miR-322 mimic or control (Shanghai GenePharma Co., Ltd.) using Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. After a 48-h transfection, cells were collected for subsequent experimentation.
Statistical analysis. All data are presented as the mean ± standard deviation from three independent experiments and analyses. Statistical analyses were performed using SPSS version 13.0 (SPSS, Inc., Chicago, IL, USA), and differences were analyzed by one-way analysis of variance followed by Dunnett's test. P<0.05 was considered to indicate a statistically significant difference.
Results

Al-Malt induced cell apoptosis by regulating the expression levels of c-Myc.
To investigate the functional role of Al-Malt in neural cell apoptosis, eight concentrations of Al-Malt (0-2 mM) were prepared and used for treating SH-SY5Y cells. After 3 days of treatment, cell viability and apoptosis were determined by MTT assay (Fig. 1A ) and flow cytometry (Fig. 1B) . Al-Malt was demonstrated to significantly decrease cell viability (P<0.05 and P<0.001) and increase apoptosis (P<0.05 and P<0.001), compared with the control group. Higher concentrations of Al-Malt led to stronger cell viability inhibitive and apoptosis inductive effects. These results revealed that Al-Malt induced cell apoptosis in a dose-dependent manner. In addition, three of the higher concentrations of Al-Malt (0.25, 0.5 and 1 mM) were selected for the further investigation.
To investigate the possible underlying mechanism of Al-Malt-induced apoptosis, the expression changes of c-Myc, Bax, caspase-3 and cleaved caspase-3 in cells were evaluated by western blotting. As shown in Fig. 1C and D, the protein expression levels of c-Myc, Bax, caspase-3 and cleaved caspase-3 were markedly upregulated by 0.5 and 1 mM concentrations of Al-Malt (all P<0.001). Therefore, it was inferred that Al-Malt induced SH-SY5Y cell apoptosis via regulating c-Myc, Bax and caspase-3.
MiR-322 was negatively regulated by Al-Malt.
To establish whether miR-322 was involved in the apoptosis induced by Al-Malt, SH-SY5Y cells were pre-treated with Al-Malt, and the level of miR-322 mRNA expression was evaluated by RT-PCR analysis (Fig. 2) . Compared with the control group, the mRNA level of miR-322 expression was significantly downregulated by Al-Malt (P<0.01 and P<0.001). Furthermore, a higher concentration of Al-Malt exerted a stronger suppressive effect on miR-322. Thus, it was inferred that miR-322 may be a pivotal gene in Al-Malt-induced apoptosis, and miR-322 may be negatively regulated by Al-Malt. In addition, a 1-mM concentration of Al-Malt was selected for the following investigation.
MiR-322 attenuated Al-Malt-induced apoptosis by recovering the expression changes of c-Myc.
To determine the role of miR-322 in Al-Malt-induced apoptosis, cells were transfected with miR-322 mimic and/or treated with 1 mM Al-Malt. Cell viability and apoptosis were subsequently measured by MTT assay (Fig. 3A) and flow cytometry (Fig. 3B) . As expected, Al-Malt significantly inhibited cell viability (P<0.001) and promoted apoptosis (P<0.001), whereas miR-322 overexpression exhibited the completely opposite effect (All P<0.05). Notably, miR-322 overexpression significantly attenuated the inhibitive cell viability and inductive apoptotic effects of Al-Malt (P<0.01 and P<0.001). Therefore, it was proposed that miR-322 attenuated Al-Malt-induced apoptosis.
To further investigate the possible underlying mechanism of miR-322 attenuated Al-Malt-induced apoptosis, and expression changes of c-Myc, Bax, caspase-3 and cleaved caspase-3 in SH-SY5Y cells were detected by western blotting. Al-Malt markedly upregulated the expression levels of c-Myc, Bax, caspase-3 and cleaved caspase-3 (all P<0.001, Fig. 3C and D) . miR-322 slightly downregulated these four factors, however the downregulatory impact of miR-322 on these proteins did not reach statistical significance (P>0.05). However, miR-322 overexpression was able to ameliorate Al-Malt-induced changes in the expression levels of these factors. Therefore, miR-322 attenuated Al-Malt-induced apoptosis by recovering the expression changes of these factors.
Discussion
miRNA research has become popular in AD studies, although the role of miRNAs in Al-Malt-induced apoptosis remains unclear. In the current study, the human neuroblastoma cell line, SH-SY5Y was used to induce apoptosis by treatment with different concentrations of Al-Malt for 3 days. It was identified that Al-Malt induced cell apoptosis by regulating the expression levels of c-Myc, Bax and caspase-3. Furthermore, Al-Malt negatively regulated the expression level of miR-322. miR-322 attenuated the apoptosis Al-Malt-induced by recovering the expression changes of c-Myc, Bax and caspase-3.
As a potent neurotoxin, Al-Malt has been widely investigated for its neurotoxicity in various types of nervous system (25) demonstrated that, in the hippocampus of rabbits, Al-Malt induced apoptosis by perturbing the ratio of Bcl-2: Bax. More recently, experiments in rat brain tissue samples showed that Al-Malt induced neural cell apoptosis by altering the AKT/p53 signaling pathway (14) . Partly consistent with these previous studies, the present findings indicate that Al-Malt is a powerful neurotoxin for inducing neural cell apoptosis. However, the current study provides a novel insight into the mechanism by which Al-Malt induced apoptosis, demonstrating that the progression of apoptosis was associated with expression level changes of c-Myc.
The proto-oncogene, c-Myc is a Myc family member, which performs a pivotal function in growth control, differentiation and apoptosis (26) . In the past several decades, the role of c-Myc in apoptosis has been extensively investigated. c-Myc has been reported as a vital factor in cell apoptosis induction. For example, in interleukin (IL)-3-dependent myeloid cells, c-Myc was demonstrated to induce or sensitize cells to apoptosis (27) . In rat fibroblasts, deregulating the expression of c-Myc resulted in cell death by apoptosis (28) . Furthermore, studies have established that the mitochondrial apoptotic pathway participates in c-Myc-mediated apoptosis, and the pro-apoptotic factor, Bax is also involved (26) . Using a switchable mouse model of c-Myc-induced apoptosis in pancreatic β-cells, c-Myc induced apoptosis in vivo by regulating Bax (29) . Notably, c-Myc amplifies apoptosis signaling at the mitochondria by controlling the caspase feedback amplification loop; a process of effector caspases, caspase-3 and caspase-7, which activate caspase-8 (26) . Taken together, c-Myc exerts a pivotal role in apoptosis induction by regulating Bax and caspases. In the current study, the expression levels of c-Myc, Bax, caspase-3 and cleaved caspase-3 were markedly upregulated by Al-Malt. Therefore, it was hypothesized that Al-Malt induced apoptosis by regulating the expression level of c-Myc. miR-322 is an miRNA located on chromosome X, which is abundantly expressed in various types of species (30) . miR-322 has previously been investigated as a vital regulator in the cell cycle, and cell proliferation, formation and differentiation (31, 32) . However, the role of miR-322 in cell apoptosis has not been well investigated. In a study by Cao et al (30) miR-322 served as an apoptosis inductor in intestinal epithelial cells; silencing miR-322 together with miR-503 resulted in the repression of apoptosis. However, Gu et al (33) demonstrated miR-322 as an apoptosis inhibitor in neural stem cells. miR-322 was negatively regulated by maternal diabetes and high glucose, which was implicated in high glucose-induced apoptosis by activating caspases (33) . The current findings were partly consistent with the study by Gu et al (33) that miR-322 overexpression inhibited cell apoptosis. In addition, miR-322 was negatively regulated by Al-Malt, and attenuated the apoptosis induced by Al-Malt via recovering the expression level change of c-Myc.
In conclusion, the present study is the first, to the best of our knowledge, to demonstrate that Al-Malt induced cell apoptosis by upregulating protein expression levels of c-Myc. miR-322 attenuates the apoptosis induced by Al-Malt, thus miR-322 may be involved in the pathogenesis of Al-Malt-associated AD.
